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Abstract 

In the framework of the littlest Higgs model with T parity, we study the W#-pair production 
at the CERN Large Hadron Collider up to the QCD next-to-leading order (NLO). The kinematic 
distributions of final decay products and the theoretical dependence of the cross section on the 
factorization/renormalization scale are analyzed. We adopt the PROSPINO scheme in the QCD 
NLO calculations to avoid double counting and keep the convergence of the perturbative QCD 
description. Our numerical results show that the QCD NLO corrections significantly reduce the 
scale uncertainty, and enhance the leading order integrated cross section with a if-factor in the 
range of 1.10 — 1.22 (1.09 — 1.17) with the symmetry breaking scale / varying from 400 GeV 
(400 GeV) to 1.5 TeV (1.0 TeV) at the 14 TeV (8 TeV) LHC. We find that it is possible to select 
the signal events of the W#-pair production from the pp — > W + W~ — > e+ pTv^Vp, + X background 
with high ratio of signature over background by taking proper lower limits on transverse momenta, 
invariant mass of the final charged leptons and the missing transverse momentum. 



PACS: 12.38.Bx, 12.60.Cn, 14.70.Pw 
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I. Introduction 



Although the standard model (SM) [JJ [2] provides a remarkably successful description of high energy 
physics phenomena at the energy scale up to 100 GeV, it leaves a number of theoretical problems 
unsolved. Many extended models are proposed to deal with these problems such as grand unified 
theories [3], supersymmetric models [Jj, extra dimensions models [5], left-right symmetric models [BJ, 
B-L (baryon number minus lepton number) extended SM models [7j, little Higgs models [8] and many 
more. Each of these models has motivation to solve one or more of the problems that the SM encoun- 
ters. Among them the little Higgs models deserve attention due to their elegant solution to hierarchy 
problem and are proposed as one kind of electroweak symmetry breaking (EWSB) models without 
fine-tuning in which the Higgs boson is naturally light as a result of nonlinearly realized symmetry 
[9] -[II]. The littlest Higgs (LH) model [TS], an SU(5)/SO(5) nonlinear sigma model [IT], is the most 
simplest version of little Higgs models, in which a set of new heavy gauge bosons (Ah, Wh, Zg) and 
a vector-like quark (T) are introduced to cancel the quadratic divergence contribution to Higgs boson 
mass from the SM gauge boson loops and the top quark loop respectively. However, this model predicts 
large corrections to electroweak precision observables and the scale of the global symmetry breaking /, 
is constrained by experimental data [T2] , which set severe constraints on the new heavy particle masses 
and the model parameters. For instance, recent experimental measurements on the decay processes 
of W]j -»■ P v and Z H -> l + l~ provide the constraints of M Wh > 2.18 TeV and M Zh > 1.83 TeV 
[161117]. These constraints would enforce the symmetry breaking scale /, which characterizes the mass 
of new particles, to be larger than 2.5 TeV and 3 TeV respectively. Consequently, the cutoff scale 
A ~ Airf becomes so large that calls for the fine-tuning between the electroweak scale and the cutoff 
scale again. 

By introducing a discrete symmetry, the T parity, the littlest Higgs model with T parity (LHT) 
[18j-|22j offers a viable solution to the naturalness problem of the SM, and also predicts a set of 
new heavy fermions, gauge bosons as well as a candidate for dark matter. In the LHT, all the SM 
particles are T-even and almost all the new heavy particles are T-odd. Due to the different T parity 
quantum numbers, the SM gauge bosons cannot mix with the new gauge bosons in the LHT. This 
would alleviate the constraints from the electroweak precision tests and thus allows the scale / to 
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be significantly lower than 1 TeV |21j . For instance, due to the T parity conservation, the processes 
Wfj — > P v and Zh — > are forbidden, and the only decay modes of these T-odd heavy gauge 
bosons are Wh — > AhW and Zh — > AhH. In this case, the leptons are produced from the decays of 
W and H , but not from the heavy gauge bosons directly. Therefore, these T-even gauge bosons escape 
from the experimental constraints shown in Refs,[l6l I17j. Furthermore, as a lightest T-odd particle, 
the heavy photon Ah cannot further decay into other particles, and would be a good candidate for 
the dark matter j23J. Since the CERN Large Hadron Collider (LHC) has potential to detect the 
signals of new gauge bosons and fermions, the phenomenology of the LHT would be quite interesting 
and a number of phenomenological works has been presented |20|, [24~1 [2"5| 126] . Recently, the QCD 
NLO corrections to the process pp — > Wh(Zh)q- + X has been presented in Ref . [27] . Of all heavy 
gauge boson production processes, the heavy gauge boson W#-pair production can be particularly 
significant due to the potential of its copious productions at the LHC as shown in Refs.[24l 128]. where 
the W/f-pair production at the LHC is studied at the leading-order (LO). 

In this paper, we make a precision investigation for the process pp — > W^W^ + X at the LHC 
including the QCD NLO corrections. In Sec. II we make a brief review of the relevant theory of 
the LHT. The detailed strategies of the calculation are given in Sec. III. The numerical results and 
discussions are presented in Sec. IV. Finally we present a short summary. 

II. The related LHT theory 

Before our calculations, we will briefly recapitulate the LHT theory which is relevant to the analysis 
in this work. The details of the LHT can be found in Refs.pSl EH 12T1I23] . 

At some high scale / the global symmetry SU(5) is broken down to SO(5), leading to 14 massless 
Nambu-Goldstone bosons. Four of them are manifested as the longitudinal modes of the heavy gauge 
bosons. The other 10 decompose into a T-even SU (2) doublet h, identified as the SM Higgs field, and 
a complex T-odd SU(2) triplet which obtains a mass of m$ = y2m,hf /vsm, with and vsm 
being SM Higgs mass and the electroweak symmetry break scale, respectively. 

The additional discrete symmetry, T-parity, is in analogy to the -R-parity in the minimal super- 
symmetric standard model (MSSM) |18 t 121 ^ |2"2]. The T-parity transformations for gauge sector are 
defined as the exchange between the gauge bosons of the two 577(2) x C7(l) groups, i.e., Wf <-> W£ 
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and Bi -H- B 2 . Thus their T-odd and T-even combinations can be obtained as 
W H = ^=(Wf-Wi), Bh = ±(B 1 -B 2 ), (T-odd), 

W a L = ±=(W? + W%), B L = -L(B 1+ B 2 ), (T-even). (2.1) 

The mass eigenstates of the gauge sector in the LHT are expressed as 

W± = -^=(W H TiW H ), Z H = s H B H + c H W H , A„ = c H B H - s h W h , 
W± = -^=(WlTiWl), Z L = -s w B L + c w Wl, A L = c w B L + s w Wl (2.2) 

where s w = smO\y, c w = cos Ow, sh = sin 9h, ch = cos 9h, &w is the Weinberg angle, and the mixing 
angle 6h at the 0(v 2 /f 2 ) is expressed as 



sin Oh 



$99' v 2 sm 



(2.3) 



A(W-g' 2 ) f 2 

Then the gauge sector consists of T-odd heavy new gauge bosons Wjj, Zh, Ah and T-even light gauge 
bosons identified as SM gauge bosons, W ± , Z° and one massless photon. The T parity partner of the 
photon, Ah, is the lightest T-odd particle, therefore, the candidate of dark matter in the LHT. The 
masses of the T parity partners of the photon, Z°- and Ty^-boson are expressed as [24] 

mw H * rnz H *gf(l- , m All ~ -Lg'f (l - |^) , (2.4) 

where vsm = 246 GeV. At the tree level the SM gauge boson masses can be expressed as mw = 
and mz = Wjg , 

In the LHT, the fermion sector of the first two generations in the SM is remained unchanged and the 
third generation of quarks is modified. We introduce two fermion doublets q\ and q 2 for each fermion 
generation. The T parity transformation to these fermion doublets is defined as q\ -H- —q 2 . Therefore, 
the T-odd and T-even combinations can be constructed as q- = + Q2) and q + = -^(li — Q2), 

where g+ is the doublet for the SM fermions and q^ for their T-odd partners. We take the Lagrangian 
suggested in Refs.[18j [201 EI] to generate the masses of the T-odd fermion doublets, 

- Kf(^ 2 ^ c + ^lEofi^ntfc) + h-c, (2.5) 
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where = diag(l, 1, — 1, 1, 1), \P C = (q c , Xa <ic) T > and the 577(5) multiplets and Vl^ are expressed 
as 

(2.6) 

The interaction Lagrangian in Eq. (l2.5p can be proofed to be invariant under T-parity, and T-odd 
quark doublet q- gets a Dirac mass with q c = (id,R_ , —iuR_) T from Eq. (|2.5p expressed as [23] 

mcr _~v^K/^l-itoy m D _=V2 K f, (2.7) 

where the lower indexes £/_ = u_,c_,t_ and 7J_ = which represent the T-odd heavy 

partners of the SM quarks, and k is the mass coefficient in Lagrangian of the quark sector. As we 
know in the LHT / > 500 GeV [29], it is evident from Eq, (|2.7p that the T-odd up- and down-type 
heavy partners have nearly equal masses. 

In order to avoid the large radiative correction to Higgs boson mass induced by top-quark loop, 
the top sector must be additionally modified. We introduce the following two multiplets, 



Gi = U L1 , Q 2 = \ U L2 , (2i 





where Uli and Ul 2 are the singlet fields and the q\ and q 2 are the doublets. Under the S77(5) and 
the T parity transformations, Qi and Q 2 behave themselves same as ^1 and ^ 2 . 

In addition to the T-even SM top quark right-handed 577(2) singlet ur, the LHT contains two 
SU(2) singlet fermions Ur\ and Ur 2 of hypercharge 2/3, which transform under T parity as 

U m o -U R2 . (2.9) 

The T parity invariant Yukawa Lagrangian of the top sector can be written as 

Cf = ~^= e ijk e xy[(Ql)i^jx^ky ~ (Q2^o)i'^'jx'^ky] u R 

+\2f(U L iU R1 + U L2 U R2 ) + h.c. . (2.10) 

where S = EoOSTfiSo is the image of the £ field under T parity, and i, j and k run over 1 — 3 and x 
and y over 4 — 5. The T parity eigenstates are constructed as 

q± = ^(qiTq2), U L± = ^=(U L1 TU L2 ), Ur± = -j=(U m tU R2 ). (2.11) 



The T-odd states [//,_ and combine to form a Dirac fermion T_, and we obtain the mass of the 
T_ quark from the Lagrangian of Eq. (|2.1U|) as 

m T _ = X 2 f. (2.12) 

The left-handed (right-handed) top quark t is a linear combination of ul + and Ul + (ur+ and Ur + ), 
and another independent linear combination is a heavy T-even partner of the top quark T + : 



tx 
T+x 



( c x 


-sx \ 


( u x+ \ 


V s x 


cx j 


V u x+ ) 



(X = L,R), (2.13) 



where the mixing matrix elements are approximately expressed as 

(2.14) 



2 V SM , 

sl = s a — — H , s R 



c a( c a s a) V SM 



2 P + 



There we define s a = \\/ \JX\ + and c a = X 2 / \/ X'{ + Af. The i is identified with the SM top and 
T + is its T-even heavy partner. Then the masses of the top quark and T-even heavy top quark can 
be obtained as 

A1A2USM 



m t ~ ^== , m T+ ^/JAf + Ai. (2.15) 
V Ai + A 2 

The Feynman rules in the LHT related to our calculations are presented in Appendix A. 

III. Calculation descriptions 

In this work, we adopt the five-flavor scheme (5FS) in the LO and QCD NLO calculations and neglect 
the masses of the u,d,c,s,b quarks. In our calculations we use the 't Hooft-Feynman gauge and 
employ developed FeynArts 3.4 package [30J to generate Feynman diagrams and their corresponding 
amplitudes. The reduction of output amplitudes are implemented by FormCalc-5.4 package [3Tj . 

III..1 LO cross section 

The LO contribution to the cross section for the parent process pp — > W^Wjj + X comes from the 
quark-antiquark annihilation. We denote the subprocess as 

ff(Pi) + g(pa)-^Wj(p 3 ) + W^(p 4 ), (q = u,d,c,s,b). (3.1) 

The corresponding Feynman diagrams for the uu — > W^jWJj partonic process are shown in FigfTJ the 
LO Feynman diagrams for other partonic processes qq — > W^W^(q = d, c, s, b) are similar with those 



in FigQ]and are not depicted there. FigsQJl,2) correspond to the exchanges of 7 and Z° gauge bosons 
separately, and the diagram with exchange of a T-odd quark is shown in Fig{T]^3). The amplitudes 
of the tree-level Feynman diagrams in FigsQ]for the partonic process uu — > W^Wjj are respectively 
expressed as 

M { ul = -^rv{p2)\(h-Me*(p 3 ) ■ e*{p 4 ) - (2p 3 + p 4 ) ■ e*{p 4 )f{p 3 ) + (2p 4 + p 3 ) ■ e*(p 3 )f (p 4 )l u(pi), 
6s L J 

2 

M ( 2 = ~TTYp~ -MP2)\(h-Mt*(P3)-e*(p 4 )-(2p 3 +p 4 ).e*(p 4 )f( P3 ) 

zs w\ s m Z> 

+(2p 4 +P3) ■ e*(p 3 )f(p 4 )} ■ (p L - Ul) «(pi), 



3 



<(3) e 



2 



11 (2vr) 4 f 



4 9 4|p|VI . 



M% = - _ — v(p 2 )f(p 4 )P L (j> x -fc) + m d _ f(p 3 )P L u( Pl ), (3.2) 

where Pl = |(1 — 75). Analogously we can get the amplitudes for the other partonic processes 
qq — > W^jWJj (q = d,c,s,b). The LO amplitude for the partonic process qq — > W^W^ can be 

generally expressed by summing up all the above three total amplitudes, 

3 

M$ = Y,M% (q = u,d,c,s,b). (3.3) 

i=l 

The LO cross section for the partonic process qq — » W^W^then can be obtained as 

° " 11 (27F)4 /EEl^l 2 ^, (q = u,d,c,s,b). (3.4) 

spin color 

The factor j and § come from averaging over the spins and colors of the initial partons respectively, p 
is the three-momentum of one initial parton in center-of-mass system (CMS) and y/§ is the partonic 
CMS energy. The two-body phase-space element dVt 2 is expressed as 

dU 2 = 8^( P1 +P2-^-P4) ( J )3 ^ 3( J )3 P ^ 4 . (3.5) 

The total cross section for the parent process pp — > W^WJj +X at the tree-level can be obtained by 
integrating the cross section for partonic processes with the parton distribution functions (PDFs), 

VLO = / dx l / dx 2 [G q / Pl (xi,Hf)Gq/p 2 (x2,(J,f) + (1 O 2)] &gg(s = xix 2 s), (3.6) 

j Jo Jo 

q=u,d 

where G^/p (i = q,q;P = Pi,P 2 ) denotes the PDF of parton i in proton P, Xi (i = 1,2) is the 
momentum fraction of a parton in proton Pj (i = 1, 2), \it is the factorization scale and s is the total 
colliding energy squared in proton-proton CMS. 




(1) (2) 
Figure 1: The LO Feynman diagrams for the partonic process uu — > W^W^. 

III.. 2 QCD NLO corrections 

The genuine QCD NLO correction to the parent process pp — > W^Wjj + X includes the following 
components: (1) The QCD one-loop virtual corrections to the partonic processes qq — > W^W^. (2) 
The contribution of the real gluon emission partonic process qq — > W^Wjj + g. (3) The contribution 
of the real light-(anti)quark emission partonic process q(q)g — > W^W^ +q(q). (4) The corresponding 
collinear counterterms of the PDFs. In order to isolate the ultraviolet (UV) and infrared (IR) singu- 
larities in the NLO calculations, we adopt the dimensional regularization (DR) method in D = 4 — 2e 
dimensions. 

III. .2.1 One-loop corrections to qq — > W^W^ partonic process 

We plotted some representative Feynman diagrams for the one-loop virtual corrections to the partonic 
process uu — > W^W^in Figj2j In calculating one-loop amplitudes we shall meet both UV and IR 
singularities. In order to remove the UV divergences, we renormalize the masses and wave functions 
of SM quarks and their T-odd parteners with the counterterms defined as 

Kl,R = + \m 9 ,l,r\ ii q ,L,R , (3.7) 

<_,L,fl = (l + ~SZ q _ tLt R\l> qtLtR , (3.8) 
= m q _ + 5m q _ , (3-9) 

where ip q ,L,R,ipq-,L,R denote the fields of SM quark and T-odd quark respectively, and m g _denotes 
the mass of T-odd quark. We adopt the on-shell scheme to perform the renormalization procedure 
and then the relevant renormalization constants are expressed as 

5Z q , LjR = [A uv - Air] , (3.10) 




W H u u Wh 




Figure 2: The representative one-loop Feynman diagrams for the partonic process uu 
where (£/_, D) = (u_, d), (c_ , s), , b) and (U, D_) = (u, (c, s_), (i, &_). 



8Z q _, L ,R 
5m r , 



m„ 



3vr 



ic/y + 2A /R + 4 + 31n ( 



Af/y + In 



rat, 



+ 4 



(3.11) 
(3.12) 



where Ajjv = ~r 7_B + ln(47r) and Air 



-7_E + ln(47r). After the renormalization, this one-loop 



virtual contribution is UV finite. However, it still contains soft and collinear IR singularities, which 
can be canceled by considering the real gluon/light-(anti) quark emission subprocesses and the PDF 
conterterms as described in the following subsections. 

III. .2. 2 Real gluon/light-(anti)quark emission corrections 

We denote the real gluon emission partonic process for the VF#-pair production as 



q{Pi) + q(P2) -»• W£(p 3 ) + W H {p 4 ) + g(p 5 ), {q = u,d,c,s,b). 



(3.13) 
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Figure 3: The tree- level Feynman diagrams for the real gluon emission partonic process qq —> 
W+W„+g, (q = u,d,c,s,b). 

The Feynman diagrams for this subprocess are shown in FigJHJ There exist soft and collinear singular- 
ities in these diagrams. In order to manipulate these IR divergences, we employ the two cutoff phase- 
space slicing (TCPSS) methods [32J, which introduce two arbitrary cutoff 5 S and 5 C . The soft cutoff 
S s divides the phase-space into two regions: soft region (£5 < ^d s V§) and hard region (E§ > ^5 S \/1), 
another cutoff 5 C separates the hard region into hard collinear (HC) region (,§15 < 5 c s or §25 < 5 c s) 
and hard noncollinear (HC) region. Then we can express the real gluon emission subprocess cross 
section as 

a g = a g +a g +a g . (3.14) 

The noncollinear cross section part a^ c is IR safe and the soft singularity in the soft part a g can 
be canceled by the soft IR divergence in the virtual corrections, as demonstrated by the Kinoshita- 
Lee-Nauenberg (KLN) theorem [33]. The collinear singularity can be partially canceled by the virtual 
corrections, and the remained collinear divergence can be absorbed by the PDF counterterms. 
The real light-(anti)quark emission partonic process for the W#-pair production is denoted as 

q/q(Pl)+g(P2)^W+(p 3 ) + WH(p 4 )+q/q(p 5 ), (q = u,d,c,s,b). (3.15) 

We depict the tree-level Feynman diagrams for the real light-quark emission partonic process qg —> 
W^Wjj + q in FigJH We notice that there could exist resonance effect in FigsJD(3) and (5) due to 
possible one-shell q- propagator. In order to deal with resonance singularity, we replace the g_ mass 
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squared m q _ in its propagator by m 2 _ — im q _F q _. The expressions for the partial decay widths of 
T-odd quarks are given in Appendix B. This extremely large correction to Born pp — > W^W^ + X 
process would eventually destroy the perturbative convergence. Furthermore, FigsH](3) and (5) are 
included also in the Wnq~ associated production process followed by an on-shell decay q- — > Wuq' ■ In 
order to avoid double counting and to keep the convergence of the perturbative QCD description of the 
pp — > W^Wfl +X process, we need to remove the intermediate on-shell T-odd quark g_ contributions. 
This removal can be implemented by adopting the PROSPINO subtraction strategy [341 135] . which is 
done by performing a replacement of the Breit- Wigner propagator: 
\M\\s WHq ) ^ \M\ 2 (sw Hq ) 



(s WH q -m 2 ) 2 + m 2 T 2 (s W[iq - m 2 ) 2 + m 2 T 2 



HQ " U q-J 1 ""q-'-q- 

\M\ 2 (m 2 ) 

9(1- W_)G(m 3 _ -m WH ),(3.16) 



(sw Hq -m 2 ) 2 + m 2 _T 2 

where s\y H q is the squared momentum flowing through the intermediate q- propagator. For the real 
light- (anti) quark emission corrections we use the cutoff 5 C to separate the phase-space into collinear 
(C) region (§15 < 5 c s or S25 < 5 c s) and noncollinear (C) region (§15 > 8 c s and §25 > S c s). Then we 
have 

Oq{q) = Vq(q) + °q(q), ( 3 - 17 ) 

where a q is finite and a q contains collinear singularity. After summing the virtual and real gluon/(anti)quark 
radiation corrections, the remained collinear divergence can be canceled by that in the NLO PDFs. 

III.. 2. 3 PDF counterterms 

As mentioned above, part of the collinear divergences in the virtual corrections to qq — > V^W^channel 
can be canceled by the real gluon/light-(anti)quark emission partonic processes, and the remained 
collinear divergences are absorbed in the PDF counterterms. This collinear counterterm of the PDF 

can be denoted as 5Gi/p(x, fj,f) (P = Pi, Pi and i = g,u, u, d, d, c, c, s, s, b, b ). We divided SGi/p(x, pLf) 

(gl 
i/i 

iark) / \ 
"-/ ' 

i{gluon) ( \ xrt (quark) . 



into two parts: the collinear gluon emission part 5G^p° n \x, /Uj) and the collinear light-quark emission 
part 5G i fl p ark \x,iif), 



6G q{g yp(x,(i f ) = 5G q{g)/p '(x,fi f ) + 5G q{g)/p >(x,n f ), 

(q = u,u,d,d,c,c,s,s,b,b). (3.18) 
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These PDF counterterms can be expressed as 



a s T(l — e) / 47r/i^ 



2vrr(l - 2c) I n 2 } 
a s T(l — e) / 47T//J: 



1 

— P qqi99)( Z ) G qig)/p( X / Z ^f)' 



—P qg (z)G g/P (x/z,(j, f ), 



271-r 



;i-2c) ^ ^ 



P gq (z)G q/P (x/z, H ), (3.19) 



-i q=u,u,d,d, 

where Pij{z){ij = qq,qg,gq,gg) denote the splitting functions. One can find their explicit expressions 
in Ref.f 



III. .2.4 Correction from gg — > W^W H partonic process 

The gluon-gluon fusion partonic process gg — > W^W^ contributes also to the parent process pp — > 
WflWfl +X. We can see that the QCD NLO correction to the partonic process qq — > W^W^'is at the 
order of a1 w a S: while the lowest order partonic process gg — > W^W^ is at the order of al w a 2 s . The 
later LO contribution is a s order higher than the QCD NLO contribution from previous subprocess. 
But both contribution parts might be comparable with each other due to the large gluon luminosity 
at the TeV-scale collider LHC. The representative Feynman diagrams for gluon-gluon fusion partonic 
process are depicted in Figj5j The total one-loop amplitude M^gg loop for this partonic process is UV 
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9 T + W H 
(8) 



9 q 
(9) 




9 



H 




w, 



9 T + 
(10) 




H 




9 4- W H 
(11) 



Figure 5: The representative lowest order Feynman diagrams for the partonic process gg 
where U- = U-, c_, i_, q, q' = u, d, c, s, b, t and q~,q'_ = n_, d_, c_, s_, 6_ , t_. 



and IR finite, and the cross section at the lowest order, a gg , can be expressed as 



z-0 



a 



1 1 (2vr) 



99 



4 64 



l-^ I smn rnlnr 



(3.20) 



spin color 

The total cross section for the parent process pp ^ gg ^ W^W^ + X at the lowest order can 
be obtained by integrating the cross section for partonic process a gg with the gluon PDF in proton 



a(pp gg ->• W£W H + X) = - / dci / dx 2 [G g / Pl (zi, /p 2 (a; 2 , /if) + (1 -B- 2)] <7° (s = xix 2 s), 

1 Jo Jo 



(3 



where we adopt the notations same as in Eq, (l3.6 



III. .2. 5 Total QCD NLO correction 



After the renormalization and summing up all the QCD NLO one-loop corrections, the gluon/light- 
(anti)quark emission corrections and the PDF counterterm contributions, all the UV and IR (both soft 
and collinear) singularities are eliminated. Consequently, the QCD NLO corrected integrated cross 
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section for the pp — > W^W H + X process is finite and can be expressed as 

ONLO = <?LO + Ao NLO = &LO + A(7 (2) + Acr^ 

= a L o + Aa NL o(pp^qq^W+WH+X) + a(pp^gg^W+Wx+X). (3.22) 

where Aa^io consists of two parts, Aa^LoipP ~^ QQ ~^ W^W^+X) and a{pp — ^ gg — » W^W^+X). 
The two-body term Act' 2 ' includes the one-loop corrections to the pp — >• qq — >■ W^W^ +X process, the 
lowest order contribution from the pp — > 55 -4 W^W^ + X process and the cross sections for the real 
gluon/light-(anti)quark emission processes over the soft and hard collinear phase-space regions, while 
the three-body term Aa^ contains the cross sections for the real gluon/light-(anti)quark emission 
processes over the hard noncollinear regions. 

IV. Numerical results and discussions 
IV.. 1 Input parameters 

As discussed in Ref . |36j . the two mixing matrices satisfy vjj u VHd = Vckm- Therefore, they cannot 
simultaneously be set to the identity. In the following calculations we take Vhu to be a unit matrix, 
then we have V Hd = Vckm- We take a ew {m 2 z )- 1 = 127.916, m w = 80.399 GeV, m z = 91.1876 GeV, 
sm 2 9 w = 1 - (^f) 2 = 0.2226 and m t = 171.2 GeV [37]. The masses of all the SM leptons and 
quarks except top quark are neglected. The center-of-mass energies y/s of proton-proton collision are 
taken to be 14 TeV and 8 TeV for the future and early LHC, separately. We set the factorization 
and renormalization scale to be equal (fi r = fJ>f) and define hq = mw H - We employ CTEQ6L1 and 
CTEQ6M in the the LO and NLO calculations respectively [38], and fix the LHT parameters k = 1 
and s a = c a = Then the masses of heavy gauge bosons and T-odd quarks are only the functions 
of the LHT parameter / as shown in Eqs. (|2.4p and (|2.7p . The Cabibbo-Kobayashi-Maskawa (CKM) 
matrix elements are taken as 

/ Vud V us V ub \ I 0.97418 0.22577 \ 
Vckm = V cd V cs V cb = -0.22577 0.97418 . (4.1) 
\ V u Vts Vtb J \ I ) 

IV.. 2 Masses and Decay widths 

From Eq. (|2.7|) we can see that all the T-odd quarks g_ = it_, d_, s_, c_, tJ) have nearly equal 
masses when the scale / is large enough. By using Eqs. (|2.4|) . (12. 7p . (|2.12|) and (I2.15D . and taking the 

14 



/ 


m Wll « m ZH 


m u _ = m c _ = m t _ 


m d _ = m s _ = m b _ 


m T+ 


rriT 


(GeV) 


{GeV) 


(GeV) 


(GeV) 


(GeV) 


(GeV) 


500 


322.1 


685.7 


707.1 


695.9 


507.0 


700 


457.8 


974.7 


989.9 


974.3 


699.6 


800 


525.1 


1118.0 


1131.4 


1113.5 


796.7 


900 


592.3 


1260.9 


1272.8 


1252.7 


894.1 


1100 


726.1 


1545.9 


1555.6 


1531.1 


1089.4 


1300 


859.7 


1830.3 


1838.5 


1809.4 


1285.2 


1500 


993.1 


2114.2 


2121.3 


2087.8 


1481.3 



Table 1: The masses of Wh, Q- (q~ = u-,d-,C-,s-,b-,t-) and T± for some typical 
values of the LHT parameter / with n = 1 and s a = c a = ^ . 

LHT parameters k = 1 and s a = c a = we obtain the masses of heavy gauge bosons, T-odd quarks 
and the quarks in top sector for some typical values of the LHT global symmetry breaking scale /, 
and list them in Tabled) 

With above related parameters and Eqs. (|6.1[ ) and ([6.20 in Appendix B, we obtain numerically 
the LO decay widths T q _ as functions of / in FigEJ where we give only the curves for U- = u_, c_ , 
D- = d-,S- and i_-quarks. The decay width of the T-odd 6_-quark is not presented in the figure, 
since it is not relevant in our calculations. 

IV.. 3 Checks 

The correctness of our calculations are verified in the following aspects: 

1. We adopt the same input parameters and PDFs as used in Ref. |24J, and compare our LO results 
with those as shown in Fig. 9 of Ref.[24J. We find that our LO cross sections are in good agreement 
with those read out from the figure. 

2. The cancelations of UV and IR divergences are verified numerically after combining all the 
contributions at the QCD NLO. 

3. The one-loop virtual corrections are computed independently by using two different programs. 
One is based on our in-house codes for numerical evaluation of the one-loop integrals, and the other 
is LoopTools 2.2 package. We find that the numerical results coincide with each other within the 
calculation errors. 
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Figure 6: The LO total decay widths of the T-odd quarks as functions of the global symmetry 
breaking scale /, where q- = U-,D-,t- and (U-,D-) = («_, <Z_), (c_, s_). 

4. The 5 S /5 C independence of the total QCD NLO correction has been numerically verified. As 
mentioned above, in the TCPSS method two arbitrary cutoffs are introduced to separate the phase- 
space in order to isolate the IR divergences. From Eq. (l3.22p . the total QCD NLO correction (Actnlo) 
can be divided into the two-body and three-body corrections (Ac/ 2 ) and Ac/ 3 )) by the two cutoffs. We 
depict Ac/ 2 ), Ac/ 3 ) and Aa^io for the process pp — > uu — > W^W^- +1 as functions of the soft cutoff 
5 S in FigEKa) with / = 800 GeV, k = 1, s a = c a = 5 C = <5 S /100 and (J, = (M) = m WlI = 525.15 GeV . 
The amplified curve for the total correction Acj^vlo i n FigJTJa) is demonstrated in FigJT^b) together 
with calculation errors. We adopt also the dipole subtraction (DPS) method [39J to deal with the IR 
singularities for further verification. The A.a^LO result by adopting this method with ±lcr statistic 
error is plotted as the shadowing region in FigfT^b). We can see that the results from both the TCPSS 
method and the DPS method are in good agreement. From these two figures we find that the total 
QCD NLO correction Agmlo is independent of the two cutoffs within the statistical errors. This 
independence is an indirect check for the correctness of our work. In further numerical calculations, 
we fix 6 S = 1 x 10" 4 and 5 C = 1 x 10~ 6 . 
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Figure 7: (a) The dependence of the QCD NLO corrections to the pp — )• uu — >• W^W H + X process 
on the cutoffs 5 S and 5 C at the -y/i = 14 Te^ LHC, where we take / = 800 GeV, k = 1, s a = c a = 
$c = S s /W0 and /j, = [1q = mw H = 525.15 GeV. (b) The amplified curve for Aa to t in FigfT^a). The 
shadowing region shows the result by adopting DPS method with ±lcr statistic error. 



I V.. 4 Dependence on factorization/renormalization scale 

In FigslHa,b) we present the dependence of the LO, QCD NLO corrected integrated cross sections 
and the corresponding if -factor {K = onloI&lo) ° n the factorization/renormalization scale \x for 
the process pp — > W^W^ + X at the yfs = 14 TeV and the yfs = 8 TeV LHC separately, where we 
take the LHT parameters / = 800 GeV, k = 1 and s a = c a = From the curves in FigsiHJa,b), 
we find that QCD NLO corrections to the pp — > W^W^ + X process significantly reduce the scale 
uncertainty. We can read out from the figures that the LO and QCD NLO corrected cross sections 
at no = mw H are a LO (y/s = UTeV) = 32.63±|J1 fb, cr NLO (Vs = UTeV) = 37.43±|^ fb and 
&lo{^/~s = 8TeV) = 5.54l^; 5 J fb, (Jnlo{\/~s = 8TeV) = G.M^q^q fb, where the uncertainties describe 
the missing higher-order corrections estimated via scale variations in the range of 0.1 no < fi < 10/Uo- 
The if-factor varies from 0.94 (0.77) to 1.32 (1.35) at the ^fs = 14 TeV (8 TeV) LHC, when /Vmo goes 
from 0.1 to 10. With the definition of scale uncertainty as r\ = [£l2^j^lz^(jjM°U ; we obtain that the scale 
uncertainties are reduced from 48.88% (LO) to 13.40% (NLO) at the = 14 TeV and from 76.23% 
(LO) to 14.54% (NLO) at the yfs = 8 TeV LHC, respectively. In Table E2 we list some numerical 
results of the cross sections and if -factors for some typical values of fi/[io, which are read out from 
FigsJ5Ja,b). In order to investigate the contribution from the pp — > gg —> W^W^ + X process, which 
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0"LO 


&NLO 


<r(gg) 


K 


(TeV) 




(fb) 


(fb) 


(fb) 






0.1 


42.190(1) 


39.62(2) 


0.993(1) 


0.939 




0.5 


35.091(1) 


38.17(2) 


0.3946(6) 


1.09 


14 


1 


32.626(1) 


37.43(2) 


0.2810(5) 


1.15 




2 


30.444(1) 


37.53(2) 


0.2056(4) 


1.20 




10 


26.242(1) 


34.60(2) 


0.1081(2) 


1.32 




0.1 


8.2548(4) 


6.333(3) 


0.0805(1) 


0.767 




0.5 


6.1850(3) 


6.300(3) 


0.02842(3) 


1.019 


8 


1 


5.5417(2) 


6.143(3) 


0.01943(3) 


1.11 




2 


5.0006(2) 


5.947(3) 


0.01371(2) 


1.21 




10 


4.0304(2) 


5.440(2) 


0.00671(1) 


1.40 



Table 2: The numerical results of (Jlo-, &nlo an d the corresponding ^-factors at the 
14 TeV and the 8 TeV LHC by taking / = 800 GeV, k = 1, s a = c a = and some 
typical values of factorization/renormalization scale [i. cr(gg) is the cross section for the 
PP ~ ^ 99 ~^ W^Wfl + X process, which is considered as a component of the QCD NLO 
correction to the parent process pp — > W^WTt + X . 



is considered as a component of the QCD NLO corrections to the parent process pp — > W^W^ + X , 
we also present the cross sections for the pp — >■ gg — > W^W^ + X process (cr(gg)) in this table. We can 
obtain from the data that the QCD NLO correction part from the pp —¥ gg — > W^WJj + X process 
at ii = is about 5.85% (3.23%) of the total QCD NLO correction (Aa NLO ) at the 14 TeV (8 TeV) 
LHC. We can see also that the NLO theoretical uncertainty due the choice of /x mainly comes from 
the genuine QCD NLO corrected cross section for the pp — )• qq — )• W^W^ + X process, while the 
contribution from the pp — > gg — )• W^jWjj + X process is relatively small. In further numerical 
calculations we fix the renormalization and factorization scales being equal to their central value, i.e., 
M = Mr = Hf = Ho = mw H - 

I V.. 5 Dependence on global symmetry breaking scale / 

The LO and QCD NLO corrected integrated cross sections together with the corresponding K-factor 
as functions of the scale / at the \fs = 14 TeV and the y/s = 8 TeV LHC are depicted in FigsUta) 
and (b), respectively. We can see from Figj9] that the LO and NLO total cross sections for the 
pp — > W^jWJj + X process decrease drastically when / goes up. This is because the mass of final 
Wh becomes heavier as the increment of /, therefore the phase-space becomes smaller. We can read 
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Figure 8: The dependence of the LO, QCD NLO corrected integrated cross sections and the corre- 
sponding K- factors for the pp — > W^W^ + X process on the factorization/renormalization scale /j, at 

the LHC with / = 800 GeV, k = 1 and s a = c a = (a) ^ = 14 TeV. (b) y/s = 8 TeV. 

out from the figures that the corresponding i^T-factor varies from 1.22 to 1.10 at the = 14 TeV 
LHC and from 1.17 to 1.10 at the -y/i = 8 TeV LHC in the plotted / range. In Table [3j we list some 
numerical results of the LO, NLO cross sections and the corresponding i^-factors for some typical 
values of / which are shown in Figs|9{a,b). 

IV. .6 Differential cross sections 

In this subsection, we investigate the kinematic distributions of final products after the subsequential 
decays of heavy charged gauge bosons {Wjj — > W + Ah — > e + v e Au and Wjj — > W~Ah — > [l~v^Ah). 
We take the branching ratio of the Wh boson decay as BriWn — > WAh) = 100% for k = 1 and 
/ = 800 GeV [21], and the branching ratios of the W boson decay as Br(W + — > e + v e ) = 10.75% 
and Br(W~ — > [fv^ = 10.57% [37J. The H^-pair production channel including their subsequential 
decays can be written as 

pp -> W+W~ -> W+W-A H A H -> e + v e irv„A H A H . (4.2) 

Then a signal event of H^-pair production is detected at the LHC as two charged leptons (e + and 
plus missing energy (AnAnVeVp)- In Figs fTOT a) and (b) we present the LO, QCD NLO corrected 
distributions of the transverse momentum of W + , and the corresponding i^-factors at the -^/i = 14 TeV 
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Figure 9: The LO, QCD NLO corrected integrated cross sections and the corresponding K-factors for 
the pp — > WzrWg + X process as the functions of the global symmetry breaking scale / at the LHC 

with k = 1 and s a = c a = (a) y/s = 14 TeV. (b) y/s = 8 TeV. 





/ 




&NLO 


K 


(TeV) 


(GeV) 


(fb) 


(fb) 






500 


289.93(1) 


345.6(2) 


1.19 




700 


62.053(3) 


71.93(4) 


1.16 




800 


32.626(1) 


37.43(2) 


1.15 


14 


900 


18.1252(8) 


20.61(1) 


1.14 




1100 


6.2964(3) 


7.059(3) 


1.12 




1300 


2.44312(9) 


2.709(1) 


1.11 




1500 


1.02314(4) 


1.1246(5) 


1.10 




500 


77.693(3) 


89.12(5) 


1.15 


8 


700 


12.2863(5) 


13.741(7) 


1.12 




800 


5.5417(2) 


6.143(3) 


1.11 




900 


2.6357(1) 


2.901(1) 


1.10 



Table 3: The numerical results of ctlo, &nlo an d the corresponding i<C-factors at the 
yfs = 14 TeV and the y/s = 8 TeV LHC by taking k = 1, s a = c a = fj, = [Iq and 
some typical values of /. 
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and the \fs = 8 TeV LHC, separately. From FigsJlO(a.b) we can see that the QCD corrections always 
enhance the LO differential cross section daio/dp^ + , and both the LO and QCD NLO corrected 
distributions of final W + boson at the future and the early LHC have their peaks around the position 
of pjf + ~ 180 GeV, and the if-factors are all less than 1.20. 
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Figure 10: The LO, QCD NLO corrected pj, distributions and the corresponding K-factors of final 
W + boson for the pp — > W^Wjj + X process at the LHC by taking / = 800 GeV , k = 1 and 
s a = Ca = a£ (a) y/s = 14 TeV. (b) y/s = 8 TeV. 



Since we neglect the masses of both positron and pT in numerical calculations, the distribution 
of the positron transverse momentum should be the same as fi~ . The LO, QCD NLO corrected 
distributions of the final lepton (e + //i~) transverse momentum and missing transverse momentum of 
AuAjji'e^ni and the corresponding K-factors are depicted in Figs fTTT a.b.c.d) at the y/s = 14 TeV and 
the y/s = 8 TeV LHC, separately. From Figs fTTT a.b) we can see that the peaks on the doLo/dp e T ^ 
and daNLo/dp e T ^ curves are all located at the vicinity of pr ~ 30 GeV . FigsJUTcd) show that the 
LO and NLO missing transverse momentum distributions reach their maxima at pVp lss ~ 110 GeV, 
and the iT-factors are between 0.86 and 1.65 at the y/s = 14 TeV LHC, and between 0.91 and 
1.24 at the y/s = 8 TeV LHC in the plotted range, respectively. All the figures in FigsllOfa.b) and 
FigsJllfa.b) show that the LO differential cross sections, rftr ^ , ^+/°- ; a t the early and the future 
LHC, are enhanced by the QCD NLO calculations considerably in the plotted pt regions, while the 
distributions of p^ iss in FigsEEfod) for the 14 TeV and the 8 TeV LHC, show that the QCD NLO 
corrections decrease the LO differential cross sections in the low p™ ss region. 
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Figure 11: The LO, QCD NLO corrected transverse momentum distributions of final particles and 
the corresponding K-factors of the pp — > W^W^ — > e + \i~ AuAhv^X/^ process at the LHC by taking 

/ = 800 GeV, k = 1 and s a = c a = (a) e + / fj,~ transverse momentum distribution at the 

\fs = 14 TeV LHC. (b) e + / fi~ transverse momentum distribution at the \/s = 8 TeV LHC. (c) missing 
transverse momentum distribution at the y/s = 14 TeV LHC. (d) missing transverse momentum 
distribution at the y/s = 8 TeV LHC. 
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In Figsll2(a.b). we present the the LO, QCD NLO corrected distributions of the azimuthal angle 
between e + and \i~ and the corresponding if-factors for the pp — > W^Wjj — > e^^AuAHVeU^ process 
at the LHC, where we take / = 800 GeV, k = 1 and s a = c a = at the future \fs = 14 TeV LHC 
and the present yfs = 8 TeV LHC, separately. The azimuthal angle between e + and \i~ is obtained 
by using the following equation: 



where p\ and pj, are the three- momenta of e + and \i~ . From the figures we can see that the majority 
of the PFff-pair production events tends to have their final leptons e + and fi~ outgoing back to back on 
the transverse plane. That feature could explain the fact that the QCD NLO correction decreases the 



emission process pp — > W^W^ + jet — > e + ^L~ + i^miss + jet would kinematically suppress da/dp™ lss in 
low p™ lss region comparing with the p™ lss distribution of the pp — > W^W^ — > e + fi~ + -E^ss events 
due to the majority of the final leptons e + and \x~ outgoing back to back on the transverse plane. 

The LO and QCD NLO corrected distributions of the invariant mass of final leptons, e + and , 
are demonstrate in Figsll3fa.b). where Figsll3fa) and (b) are for the distributions of the invariant 
mass Mu+fj,-) and the corresponding if-factors at the yfs = 14 TeV and the -y/s = 8 TeV LHC, 
respectively. We see from Figsll3fa.b) that both LO and NLO curves for the differential cross sections 
reach their maxima at the vicinity of M( e + At -- ) ~ 100 GeV . 

As we know if the kinematic distribution of signal events is distinctively different from that of 
background events, we can use that feature to significantly suppress the background. For the signal 
events of the pp — > W^Wjj — > e + fi~AnAHi'e^^ process, the dominant background at the LHC comes 
from the SM process pp — > W + W~ — > e + ^i~v e i>^+X, which includes the same final leptons (e + and 
and missing transverse momentum pV^ lss due to final u^y^ products |28j . In order to show the impact 
of the NLO corrections to the kinematic distributions, and compare the distribution line shapes of 
signal and background, we make the normalization procedure by dividing the differential cross section 
by its LO total cross section. We plot the normalized distributions of various kinematic observables of 




(4.3) 



LO differential cross section of da lo I 'dp™ %ss in the low p™ lss region as shown in Figsllllfc.d). As we 
know from FigUIa) that the correction part of Acr^ is usually negative, while the hard noncollinear 
real emission correction part Aa^ is positive. The contribution of three-body term from the real 
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Figure 12: The LO, QCD NLO distributions of cosp^ ^ where the azimuthal angle 

between leptons e + and fi~, and the corresponding K-factors of the pp — > W^W^ — > e + fi~ AjjAuVey^ 

process at the LHC by taking / = 800 GeV, n = 1 and s a = c a = (a) y/s = 14 TeV. (b) 
= 8 TeV. 
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Figure 13: The LO, QCD NLO distributions of invariant mass of final positron and ^ , M( e + M -), and 
the corresponding K-factors for the pp — > W^W^ — > e + AffAn^e^ti process at the LHC by taking 
/ = 800 GeV, k = 1 and s a = c a = ^. (a) ^ = 14 TeV. (b) y/s = 8 TeV. 
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the signal of the W^W^ pair production and its background in Figsll4fa-f) by taking / = 800 GeV, 
k = 1 and s a = c a = Figs lTiT a.c) and Figs lIiT b.d) are for the pr distributions of final lepton 
e + /fi~ and undetectable particles at the /s = 14 TeV and the y/s = 8 TeV LHC, separately. In 
FigsJ14fe.f) we show the normalized invariant mass Mu+^-\ distributions at the y/s = 14 TeV and 
the y/s = 8 TeV LHC, respectively. We demonstrate the LO and QCD NLO corrected distributions of 
Pt ' Pt iss an d ^{e+ij,-)i together with the corresponding normalized LO background distributions 
from pp — > W + W~ — > e + fj,~v e i>n + X process. From those six figures, we can see that the QCD 
NLO corrections obviously correct the LO differential cross sections of final charged leptons, missing 
transverse momentum and invariant mass M^+^-y of the signal process, but do not change their LO 
distribution line shapes very much. We see also that the distributions of the background process 
pp — > W + W~ —7- e + fj,~v e v^ tend to be concentrated in the low px or low Mu+^-y range, while the 
signal distributions can extend to more energetic ranges. Therefore, it is possible to select the signal 
events of the VF^-pair production from its background by taking proper pt or Mr e +^--\ lower limits 
on the final charged leptons and the missing transverse momentum. From FigsJ14fa-f) we can see if 
we take proper lower limits on p e T ^ , p™ %ss and M( e + /J -- ) , the background from pp — > W + W~ — > 
e + ^v e D^ + X process can be significantly suppressed. 

V. Summary 

In this work, we present the calculation of the W//-pair production at the \fs = 14 TeV and 
the \fs = 8 TeV LHC in QCD NLO. The dependence of the total cross section on the renor- 
malization/factorization scale shows that the QCD NLO corrections reduce significantly the uncer- 
tainty of the LO theoretical predictions from 48.88% (76.23%) to 13.40% (14.54%) in the range of 
[i G [0.1/xo, 10/io] at the y/s = 14 TeV (8 TeV) LHC. Our numerical results demonstrate that the QCD 
NLO corrections enhance the LO integrated cross sections with a if-factor in the range of 1.10 — 1.22 
(1.09 — 1.17) as the global symmetry breaking scale / varying from 400 GeV (400 GeV) to 1.5 TeV 
(1.0 TeV) at the y/s = 14 TeV (8 TeV) LHC. We also investigate the kinematic distributions of the 
transverse momenta of final W boson, charged leptons and the missing transverse momentum. We 
find that by putting proper lower limits on p?, -^( e +^-) of the final leptons and the missing transverse 
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Figure 14: The LO, QCD NLO corrected distributions of transverse momenta of final particles and 
the distribution of invariant mass M( e +^-) of the signal process by taking / = 800 GeV, k = 1 

and s a = c a = The background is from pp — > W + W~ — > e + /x~f e P M process, and all curves in 
FigsQ3]are normalized by their total cross sections, (a) px distribution of final lepton e + //x~ at the 
\fs = 14 TeV LHC. (b) pr distribution of final lepton e + //i~ at the = 8 TeV LHC. (c) missing 
transverse momentum distribution at the yfs = 14 TeV LHC. (d) missing transverse momentum 
distribution at the y/s = 8 TeV LHC. (e) M (e+(U -) distributions at the y/s = 14 TeV LHC. (f) 
M( e + M -) distributions at the y/s = 8 TeV LHC. 26 



momentum it is possible to select the signal events of the W#-pair production from its background 
with high ratio of signature to background. 
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VI. Appendix 

VI.. 1 Appendix A: The relevant couplings 



The Feynman rules for the coupling vertices in the LHT related to our work are listed in Table H] 
[201 gOl [Ml E], where we denote P Lj r = \{l =F 7s) and v = v S m- 
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~ £ #)7^L(^ U ), J 


ZHnDjDi-ii,] = 1,2,3) 




Aff^ Dj Di — (i, J = 1,2,3) 




ZHfitt— 














i Ss( T °)o^7 fI 



Table 4: The related LHT Feynman rules used in our calculations. There cl = y 1 — Saj^, sl = s^,j, 
Ui = u,c,t, Di = d,s,b, Ui- = u-,c-,t- and Di- = d~, S-,b i and j are the generation indices. 



VI. .2 Appendix B: Partial decay widths 

The partial decay widths of T-odd up-type and down-type quarks can be generally expressed as 



T(Ui- -> W+Dj) 



g 2 \(V Hd h\ 2m h. 

64vr m 2 WH 
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m D . + m Wll - 2m u . 



T{Ui. -> Z H Uj) 



mnuhl 2 ^-^) m% % 



64vr 



m Ui- 
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(i,3 = 1,2,3), 



1 + 



2ml 



+ 



m 
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r(Ui- -> A H Uj) 



r(t_ -> A H t) 



r(A- -» w^-) 



r(6_ w^t) 



r(A- -> 
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<7 2 IOW3 3 | 2c i< 
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rn 
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m Wfi 



(i = l,2, j = 1,2,3), 



+ 
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64vr 
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2 W 
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r~ {m 2 Dj + m% H - 2m 2 D . 



Di 



m W[] + m t 





= 1,2,3), 
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+ 



2|(^)y| 2 (^ 



gl£H 



m 



64vr 




= 1,2,3), 



The LO total decay width of the T-odd quark g_ can be obtained approximately by summing up all 
the LO partial decay widths of the main decay channels. In Eqs. (|6.ip and (|6.2p . = u_,c_,t_, 
L>i_ = d_ , s_, 6_ , Ui = u,c,t and Dj = d, s, 6. 
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